Abstract: The aim of this study was to reveal the spatial and temporal variation in biomass, density, and size structure of the invasive clam, Corbicula fluminea in the Danube River catchment and to explore the environmental factors determining these patterns. Samples were taken seasonally during the years 2007 and 2008 at 15 sites located along a river continuum from a second order stream to the Danube River. C. fluminea was the most abundant species in the main arm of the Danube; however, it was found in great density in the side arms, too. In the Ipoly River it only occured close to the conjuction, and it was not present at all in the second and third order streams. Regression models were developed to predict dry mass (DW, g) from linear body dimension [shell length (L), mm]. For the description of length-dry mass relationship, the power function (DW = a * L b ) was applied. The highest density, biomass, and mean shell length were 178 ind. m −2 , 24.9697 g DW m −2 , and 21.99 mm, respectively. ANOVA detected significant spatial variation in biomass; however, significant temporal variation was not recorded between the years, only among the seasons. Multiple linear regressions were used to find the relationship between the biomass and the environmental parameters. The coarse and very fine sediment fractions and the high water temperature provided suitable habitat for C. fluminea. Although statistically significant correlation was not detected between the chlorophyll-a content of water and the biomass, the highest biomass values were recorded at sites with high chlorophyll-a value.
Introduction
Corbicula fluminea (Müller, 1774) is known as one of the most successful aquatic invertebrate invaders. It could affect all components of the freshwater ecosystem including native species composition and environmental processes causing serious ecological and economical problems (Isom 1986; Phelps 1994; Cataldo & Boltovskoy 1999; Hakenkamp et al. 2001; Sousa et al. 2008a, b) . Due to its invasive characters and ecosystem engineer abilities, it is especially essential to study its expansion, biomass, and population parameters in the invaded ecosystems. Several studies deal with its population structure and biomass dynamics in American (Aldridge & McMahon 1978; Hornbach 1992; Phelps 1994; Cataldo & Boltovsky 1999; Morgan et al. 2003) and European ecosystems (Mouthon 2001a (Mouthon , b, 2003 Mouthon & Parghentanian 2004; Sousa et al. 2008 b, c) , however, in the internationally important Danube River this kind of information is missing.
The Danube River is one of the most important invasion corridors in the Palearctic-Southern Region (Galil et al. 2007) . After the opening of the MainDanube Canal, providing connection to the Rhine River its importance increased even more and this corridor became a highly important migration route for invasive species (Bij de Vaate et al. 2002) . C. fluminea invaded the Rhine River in 1987, where it became abundant very quickly (Den Hartog et al. 1992) . After the opening of Main-Danube Canal, C. fluminea expanded its range from Rhine basin into the Danube basin (Tittizer 1997) , which depended mostly on navigation and spread from West to East (Tittizer & Taxacher 1997; Csányi 1998 Csányi -1999 Bij de Vaate & Hulea 2000; Vrabec et al. 2003; Paunovic et al. 2007 ). C. fluminea was first recorded in the lower section of the Hungarian Danube, in the environs of Paks (Csányi 1998 (Csányi -1999 , which is an important shipping port. Hence, C. fluminea was most likely introduced to Hungary by the mediation of river navigation, presumably in ballast water. Recently the density of C. fluminea can reach 736 ind. m −2 in the Hungarian Danube River stretch and its relative abundance in the bivalve community can be 81% (Bódis 2007) . However, its density and biomass, and even its 740 E. Bódis et al. size parameters greatly fluctuate along the Hungarian Danube stretch, and some places are highly impacted opposite to others.
The first aim of this study was to determine the length-dry mass relationship of C. fluminea in order to calculate its biomass. Further important aims were to reveal the spatial and temporal variation in density, biomass and size structure of C. fluminea and to ascertain those environmental factors that determine these patterns in the Danube River catchment.
Material and methods

Sampling and laboratory analysis
We studied four types of running waters (two streams, a medium-sized river, and a large river) located in the water system of the Danube, Hungary. Sampling sites (15 in total) were located along a continuum from a second order stream to the Danube River: second order Hosszúvölgyi-stream (two sites: S1 and S2); third order Börzsönyi-stream (two sites: S3 and S4); fourth order Ipoly River [two sites: at Vámosmikola (R1) and at Ipolydamásd (R2)]; ninth order Danube River: main arm [three sites upstream to Budapest: at Kismaros (LR1), at Göd (LR2, LR3), and three sites downstream to Budapest: at Ercsi (LR4) and at Paks (LR5 and LR6)]; side arms [three sites: at Göd (SA1) and in Ráckevei-(Soroksári)-Danube (SA2 and SA3)] (Fig. 1) .
Quantitative samples of bottom sediment at the sampling sites were collected seasonally in 2007 (April, June, August, October) and in 2008 (April, August, October).
Sampling was carried out by low water level of the Danube (180-220 cm measured at Budapest) to ensure sampling at the same place in each occasions. We used a hand net with an edge of 25 cm length and mesh size of 500 µm. At each sampling site and occasion, four replicates with an area of 0.5 m 2 were taken. Samples were fixed in-situ in 4% formaldehyde solution. In the laboratory, after separation animals were preserved in 70% ethanol. Physicochemical parameters (temperature, velocity, turbidity, conductivity, redox potential, dissolved oxygen, and pH) were recorded in situ. Temperature, conductivity, redox potential, and pH were measured with a WTW multiline portable meter (WTW, Weilheim, Germany); turbidity was measured with a Lovibond PC Checkit portable meter (Tintometer GmbH, Dortmund, Germany). Water velocity was measured by timing a neutrally buoyant object along 2 m of reach (Gelwick 1990) . Dissolved oxygen was measured by Winkler's method (Felföldy 1987 ). Chlorophyll-a was extracted from the sample by methanol, the concentration was determined according to Goodwin (1976) , measuring the absorbance of the extract at 747, 666 and 653 nm.
To determine the fractions of sediment and organic matter content bed sediment samples were collected by a core sampler of 4 cm diameter from the upper 5 cm layer. Samples of 63 cm 3 were separated by a series of sieves to four fractions [coarse (C, 2360-750 µm) , fine (F, 750-250 µm), very fine (V, 250-63 µm) and ultra fine (U, 63-0.45 µm)]. The percentage share of each fractions were calculated (C%, F%, V% and U%) and their organic matter content (CBOM, FBOM, VBOM and UBOM) were determined by loss at ignition.
In biomass determination three different approaches exist: (i) direct weighting of specimens, (ii) biomass estimation based on biovolume, (iii) length-dry mass conversion. The latter (iii) approach has the advantage of being fast and more precise than the other two ones (Burgher & Meyer 1997) . For the description of length-dry mass relationships power and quadratic function models (Burgher & Meyer 1997; Meyer 1989; Wenzel et al. 1990) , and in few cases the linear model was used (Meyer 1989; Wenzel et al. 1990 ). In most cases, the highest coefficients of determination were found in power function (Smock 1980; Burgher & Meyer 1997) . As a linear body dimension the shell length of C. fluminea was generally used (Bagatini et al. 2007 ). To the biomass calculation 216 specimens including 14 size categories were examined. Individuals were dried at 60
• C for 48 hours and compartmentalized based on shell length categories, between 2 and 22 mm. One size category generally contained 10 specimens except some categories where we did not found enough individuals. The juvenile (2-10 mm) and adult (11-22 mm) specimens of C. fluminea were modelled separately in order to eliminate bias caused by allometric growth. The separation of juvenile and adult specimens based on the results of Kraemer & Galloway (1986) , who found that C. fluminea matures within 3-6 months at shell length of 6-10 mm.
Data analysis
In order to obtain dry mass values corresponding to the shell length values, a non-linear regression model was applied using the relation between the length and body dry mass. The power function (DW = a * L b ) was used to calculate the model, where DW is the dry mass (mg) and L is the length of the shell (mm), a and b are constant parameters. Parameters were optimized with the help of the Solver of MS Excel. Fit of the power function was judged by coefficient of determination (r 2 ) with the Past software version 1.36 (Hammer et al. 2001 ).
We used Principal Components Analysis (PCA) to analyze the environmental dataset by the PAST program package (Hammer et al. 2001) . ANOVA was performed to find differences in biomass, density and mean shell length of C. fluminea according to sampling sites, water types, months, and years. Multiple linear regression models were carried out to examine the relationship between the environmental parameters and the biomass of C. fluminea. For data analysis, biomass values were log transformed to normalize and stabilize variances. Prior to regression analysis, variance inflation factor (VIF) was calculated to determine the collinearity. The fractions of sediments correlated with each other and the ultra fine fraction of sediment correlated with the total benthic organic matter. In order to avoid the problem of multicollinearity the fine fraction of sediment and the total benthic organic matter content of sediment was omitted from the model. Adjustment of the model was achieved by a residual analysis, and diagnostic plots were checked for heteroscedasticity, normality, and influential observations. Both analyses were implemented by R program package (RDevelopment Core Team 2007) .
Results
Environmental data analysis
The means and standard deviation of environmental factors (where C. fluminea was found) are presented in Appendix 1. The water temperature was constantly high at site LR6, at the outlet of the cooling water channel of Paks Nuclear Power Plant. The conductivity was the highest in the Ipoly River and in the side arms of the Danube River. The redox-potential was the highest in the main arm (LR4, LR5), and in a side arm of the Danube (SA2, SA3). The turbidity was the highest in the main arm (LR1, LR2). The fluctuation of dissolved oxygen and pH values was low at all studied sites, however, its average values were the lowest in a side arm of the Danube (SA2, SA3). The chlorophyll-a content of water was the highest in a side arm of the Danube (SA1). The total organic matter content of sediment was the highest in the Ipoly River and in sites of the Danube characterized with ultra fine sediment fraction. The ratio of sediment fractions showed mosaic arrangement.
The PCA analysis of environmental factors revealed differences among sites principally based on the sedimenthological characteristics (bed sediment fractions), the organic matter content of sediment, redox potential, conductivity, temperature, and chlorophyll-a content of water (Fig. 2) . The PCA explained 51.46% of the total variance along the first two axes. The first axis explained 31.95% of the variability, was positively correlated with total organic matter content (especially with very fine and ultra fine organic matter content), ultra fine fraction of sediment and temperature. It was negatively correlated with coarse and fine fraction of sediment. The second axis explained 19.51% of the variability, was positively correlated with ultra fine fraction of sediment, redox potential and conductivity and negatively correlated with very fine fraction of sediment and chlorophyll-a content of water.
Biomass calculation
For the description of length-dry mass relationship, the power function (DW = a * L b ) proved to be the best. The fitted model was in very good agreement with experimental data in both cases of juvenile specimens (r 2 = 0.98, Fig. 3A ) and adult specimens (r 2 = 0.97, Fig. 3B ).
Spatial and temporal pattern
The density, biomass, mean body mass, mean shell length values per sites and dates are given in Appendix 2. C. fluminea was not present in the studied streams (S1, S2, S3, S4) and at the site of the Ipoly River far from the conjucton (R1). Furthermore, C. fluminea did not occur at the site of the Ipoly River close to the conjuction in most of the sampling occasions. The highest density (178 ind. m erage biomass, density, and mean shell length values occurred at site LR2, LR3, LR6, SA1, and LR1. The highest mean shell parameters of C. fluminea occurred at site LR6, where the water temperature was permanently high due to the cooling water outlet of Paks Nuclear Power Plant.
ANOVA analysis detected significant spatial variation in biomass, density, and mean shell length. Posthoc Tukey test was performed to reveal pairwise differences. Significant differences were recorded in the case of biomass and density between the main arm of the Danube upstream to Budapest and the other water types (Ipoly River, side arms of the Danube, main arm of the Danube downstream to Budapest). Significant temporal variation in biomass was not recorded between the years, only among the months, between April and October (Table 1) .
Environmental impacts
Multiple linear regressions were used to find the relationship between the biomass of C. fluminea and the environmental parameters. The high biomass values were connected with the sediment type (coarse and very fine sediment fractions %) and temperature. The low biomass values were related to the organic matter content of very fine fraction of sediment ( Table 2) .
The chlorophyll-a content of water was measured only in 2008. Although the multiple regression analysis did not detect significant correlation between the chlorophyll-a content of water and the biomass of C. fluminea, the same sites (LR2, LR3, SA1, LR1) were associated with high biomass and high chlorophyll-a values (Appendix 1b).
Discussion
Corbicula fluminea is a very successful invasive bivalve in freshwater ecosystems due to its special life history Explanations: ***P < 0.001, **P < 0.01, *P < 0.05. (Sousa et al. 2008a ) and its ability to tolerate a wide range of environmental conditions. During last decade, this bivalve became a dominant species along the River Danube, and its large biomass values can be recorded at several sites (Graf et al. 2008 ).
In the Danube River, C. fluminea spread from West to East after the opening of the Main-Danube Canal (Tittizer & Taxacher 1997) . However, its area expansion was not natural; it depended mostly on human mediation by river navigation. Hence, the reason for the unequal distribution of biomass along the Danube River principally can be found in the arrangements of shipping ports and the environmental conditions presumably have only secondary importance. Along the studied river continuum from a second order stream to the Danube River C. fluminea was the most abundant in the main arm of the Danube, however, it was found in great density in the side arms, too. In the Ipoly River, it occured only close to the conjuction, and it was not present at all in the studied second and third order stream. This occurrence pattern is in accordance with the study of Karatayev et al. (2005) , who found a positive significant correlation between the percentages of invaded water bodies by stream orders.
The highest density, biomass and mean shell length was 178 ind. m −2 , 24.9697 g DW m −2 and 21.99 mm, respectively. In contrast to the rapid geographic spread of C. fluminea in the Danube River, its density, biomass and size parameters in the Hungarian Danube stretch are very low compared to other colonized rivers, where the population density, biomass and shell length can reach more than 4000 ind. m −2 , 550 g DW and 50 mm, respectively (Sousa et al. 2008b, c; Phelps 1994; Cataldo & Boltovskoy 1999) . The Joint Danube Survey 2 (JDS2) investigated the composition of macroinvertebrates along 2600 km length of the Danube River. According to the JDS2's result the abundance of C. fluminea presents an increasing tendency from upstream to downstream and the highest abundance (9896 ind.) was found by the air-lift sampling method in the LowerDanube (at 640 rkm) (Graf et al. 2008 ). This tendency is in accordance with other European and American large rivers, where the highest abundance can be registered in the downstream sections of the river close to the river estuarine (Sousa et al. 2008b; Cataldo & Boltovskoy 1999) . However, in the Hungarian Danube stretch (1880-1433 rkm), the abundance ranged only between 40 and 1861 individuals, and it was higher in the section upstream to Budapest, than in the section downstream to Budapest, which was reflected also in our results.
Significant spatial variation in biomass, density, and mean shell length was detected among the investigated sampling sites and water types. The highest values were recorded in the main arm of the Danube River and in a side arm of the Danube upstream to Budapest, where the chlorophyll-a content of water was high, and at site LR6, where the water temperature was permanently high due to the cooling water outlet of Paks Nuclear Power Plant. This site can be considered as thermal refugia for C. fluminea, which provides adequate conditions for the individuals to reach 40.06 mm shell length (Bódis et al. 2011) .
Although the water discharge in the sampling period of 2007 was steadily low contrary to 2008, when serial floods resulted in continously changing water flow, significant temporal variation in biomass was not recorded between the years, only among the seasons. However, the highest biomass values were recorded at different sites characterized by different substrate types during the two years. In 2007 the sandy substrate of site LR3 provided suitable habitat conditions for C. fluminea, whereas in 2008 the highest biomass values was detected at site LR2, where the serial high water discharge can not disturb the substrate made of pebbles and stones. In contrast to the site LR2, the sandy substrate at LR3 was under continuous construction due to the high water discharge and probably a part of Corbicula population was drifted downstream or destroyed by burying of sandy layers. The high water discharge and increased bottom-near velocity associated with floods can cause substrate disturbance and drifting or damaging of benthic organism including bivalves, which live partially or completely buried in the sediments of rivers (Boulton et al. 1992; Lancaster & Hildrew 1993; Strayer 1999) . However, the species composition and relative abundances of benthic communities remain relatively constant over multiple floods. One of the reasons for this phenomenon, besides behavioral and physiological traits, is the use of flow refugia. Flow refugia are habitats that maintain substrate stability and low hydraulic stress at varying levels of discharge, and allow benthic populations to persist (Sedell et al. 1990; Lancaster & Hildrew 1993; Winterbottom et al. 1997 ). In our study, the environment of site LR3 presumably provided flow refugia for C. fluminea in 2008.
Using multiple linear regressions, we found relationship between the biomass of C. fluminea and environmental parameters. The variation of biomass was determined by the sediment type, temperature, and benthic organic matter content. The coarse and very fine sediment fractions, the high water temperature and the low benthic organic matter content in very fine fraction of sediment provided suitable habitat for C. fluminea and resulted in high biomass values. These results are in accordance with previous studies, which demonstrated that C. fluminea reached its maximum abundance at sites with coarse and find sand, or small gravel sized substrate (McMahon 1983; Belanger et al. 1991; Bagatini et al. 2007; Sousa et al. 2008c) .
Several studies pinpointed that the reproduction and growth of clams are greatly influenced by the water temperature and the food availability as indicated by the peaks in the abundance of phytoplankton (Hornbach 1992; Cataldo & Boltovskoy 1999; Mouthon 2003) . The optimum temperature for growth of Corbicula is 24-25
• C, and the mean temperature at site LR6 was 22.8-23.4
• C, thus this site provide ideal circumstances for the growth of C. fluminea.
Although statistically significant correlation was not detected between the chlorophyll-a content of water and biomass of C. fluminea, the highest biomass values were recorded at those sites, where the chlorophyll-a content of water was high. This observation might indicate the importance of phytoplankton as a primary food resource for C. fluminea in the Danube River system. According to comparative laboratory studies, the suspended phytoplankton is superior to both bacteria and detritus as food source for most filter feeders, including Corbicula (Jorgensen 1975; Foe & Knight 1985) .
The particle-size has a key role in the availability of food for C. fluminea. According to Way et al. (1990) , the upper limit for efficient filter-feeding is 20-25 µm. However, C. fluminea is capable of pedal-feeding, because the cilia at their foot allowing them to collect organic matter from the sediment, and thus diatoms or organic matter larger than 20 µm particle-size can be also consumed by them (Way et al. 1990 ). This kind of deposit-feeding can increase the amount of food supply for C. fluminea, particularly in habitats lacking appropriate concentration of suspended particles. Our results showed a negative correlation between the biomass and the organic matter content in very fine fraction (250-63 µm) of sediment. It can be assumed that the organic matter content of ultra fine fraction (63-0.45 µm) is still available as food resource for C. fluminea, but the organic matter in very fine fraction is larger than the adequate size to be consumed.
The introduction of a new species with extremely good invasive abilities is always a serious threat to the native biodiversity and ecosystem functioning (Kolar & Lodge 2001) . In last decade C. fluminea rapidly occupied a dominant position in the benthic assemblages of the Danube River. Due to its relatively great biomass, this bivalve species could have negative and positive effect on the Danubian ecosystem. Several studies summarized that in consequence of its r-strategist life cycle and large filtration rate, C. fluminea easily outcompete the native bivalve fauna (Sousa et al. 2008c) , which is already at a huge risk of extinction due to a range of human impacts (pollution, channelization, creation of impoundments, siltation, dredging) have done on large rivers (Sparks 1995) . Furthermore, C. fluminea can cause serious economical problems by biofouling of water channels of factories and power plants (Darrigran 2002) . On the other hand, their great density provides new food resources and their empty shells offer habitats for other aquatic organisms (Gutiérrez et al. 2003) . Due to its high filtration activity, C. fluminea can increase the water clarity (Phelps 1994 ), but at the same time causes a lack of planktonic food for other species (Strayer 1999) .
In the past decade C. fluminea reached a great relative abundance in the benthic assemblages of the Danube River, thus its biomass could cause several decisive changes in the Danubian ecosystem. Therefore it is advisable to monitor continously the spatio-temporal pattern of its biomass, and its effect on native species and environmental conditions. It could be the basis of making proposals of management actions, which are especially essential in the Danube River system. 
